Sequences with good correlation properties are in general required in various applications such as radar, sonar, spread spectrum and multiple access communication. The optimal sequences are the ones whose peak sidelobe of the aperiodic autocorrelation function is the minimum possible for a given sequence length. A chaotic sequence that provides auto and cross-correlation properties that are similar to those of random white noise is used for radar and spread spectrum systems. This paper presents a novel method of generating four phase codes applicable for radar pulse compression, which is derived from chaotic maps. It is also feasible to achieve simultaneously superior performances in detection range and range resolution using the proposed four phase coded sequences. The properties of these sequences like autocorrelation function, ambiguity function, Peak Sidelobe Ratio (PSR) and Integrated Sidelobe Ratio (ISR) have been studied. The properties of the codes generated by chaotic mapping method are very similar to those of the random four phase codes. The generation of these sequences is very simple, the available number of sequences is virtually infinite and number of sequences generated is not limited by the length of sequence.
INTRODUCTION
Pulse compression has been extensively used in operational radar systems since 1950s to solve the practical problem of extending the operating radar range while maintaining the required range accuracy and resolution. It finds its importance in various fields like radar, sonar, seismic exploration and spread spectrum communication to achieve the high transmit energy of a long pulse while preserving the range resolution of a short pulse. Pulse compression thus allows the use of low power transmitters with longer pulse lengths to maintain the energy content of a pulse. A matched filter, the front end of the receiver is used to maximize the signal to noise ratio of the received signal. Various pulse compressed waveforms have been used for this purpose, including the linear frequency modulated signal, the nonlinear frequency modulated signal, biphase modulated sequences and polyphase modulated sequences [1] [2] [3] . Thecode or sequence is used to describe the phase of the individual sub pulses of a phase coded waveform [4] . Each type of coded waveform has certain desirable properties and the choice often depends on the application.
Theoretically, in pulse compression, the code is used to modulate the carrier waveform during transmission, which is used as the reference signal at the receiver. At the receiver front end, the reference signal is used to combine with the received signal to achieve a high range resolution. Phase coded waveforms divide the long pulse into N time segments, referred to as chips, and apply a different phase to each. A binary phase coded waveform limits the chip phase to 0 or 180 degrees, while polyphase coded waveform support more levels [5] . The binary sequences can be easily generated, processed and stored in digital circuitry. But the limitation comes when longer length sequences with lower Peak Sidelobe Ratio (PSR) are needed. The Peak Sidelobe Ratio is defined from the autocorrelation pattern as the ratio of the peak sidelobe amplitude to the mainlobe peak amplitude and is expressed in decibels. It was proved that the binary Barker sequences exist only up to a length of 13 with a PSR of -22.3 dB [6] . But in some applications sequences with further reduction in PSR are required. To achieve this, Boehmer [7] , Linder [8] , Rao and Reddy [9] have obtained longer length binary codes violating the Barker conditions. But as the length of the sequence increases, the PSR did not reduce much. Therefore, it became much essential to switch over from biphase to fourphase sequences.
Though fourphase sequences do not have ideal energy efficiency like binary sequences, better sequences are available at larger lengths. The binary Barker sequences do not exist for length greater than 13, but four phase Barker sequences do exist at length 15. The generation of fourphase 15-bit generalized Barker sequence using acoustic surface waves is reported [10, 11] . Richard J. Turyn proved that there are no even length Barker sequences of lengths 6, 8, 10, 12, 14 and also that there are no new fourphase Barker sequences of length ≤ 31 [12] . SAW devices are also used to generate fourphase sequences [13] . J. W. Taylor, Jr. generated good quadriphase or fourphase sequences using biphase to quadriphase transformation [14] . The advantages of these sequences are in the spectrum fall-off rate and the relative ease in which it lends itself to digital processing. Comparison with conventional pulse coding, in particular Barker"s and Turyn"sbiphase sequences, the autocorrelation function is preserved when converted to fourphase sequences. The Doppler behavior of the quadriphase codes is proved by Taylor and Blinchikoff to be the same as the Doppler behavior of biphase codes. However, Levanon and Freedman has proved that the ambiguity diagram with a nonzero Doppler shift can be significantly different for a quadriphase code than that of the biphase code from which it was derived [15] . The ambiguity diagram of a quadriphase code derivedfrom a Barker code of length 13 has a diagonal ridge more like that of a linear-FM ambiguity function rather thanthethumbtack ambiguity function of the Barker code. But using these methods generation of fourphase sequences at large lengths has not been reported.
In this paper, a unique chaotic method of generating four phase radar signal having good correlation property is described. The use of chaotic sequences in spread spectrum communications is well documented [16] . A binary phase code generated using chaotic logistic map to achieve a low PSR was reported earlier [17] . Similar concept has been extended to the generation of good ternary sequences [21] . In that the ternary sequences were proved to exhibit superior behavior than binary sequences at all lengths. In this paper the generation of fourphase sequences using chaotic maps is discussed. Results show that the fourphase sequences perform better than binary and ternary sequences. The method discussed here has an advantage over the previous methods already available for fourphase sequence generation. Here, it is possible to generate sequences at larger lengths easily as it is not an exhaustive search method.
CHAOTIC MAPS
Chaos theory is a field of study in mathematics, having applications in several disciplines including physics, engineering, economics, biology and philosophy. Chaos theory explores the strange behaviour found in nonlinear deterministic dynamical systems that are highly sensitive to initial conditions. This effect is popularly referred to as the butterfly effect. A very small disturbance in initial condition produces a drastically different final solution for the chaotic system and the long-term prediction is not possible. This happens even though these systems are deterministic, meaning that their future behavior is fully determined by their initial conditions, with no random elements involved in this process. This behavior is known as deterministic chaos, or simply chaos [18] . Chaotic Sequences can be generated using different types of chaotic maps. Some of the maps are Henon Map, Lorenz Map, Logistic Map, Improved logistic map, quadratic map, Tent map and Cubic map. Chaotic generated sequences have also been considered for the implementation of CDMA systems. The greater number of sequences and their inherent security improvement have been considered as the main advantages of chaotic generated sequences. In this paper an attempt is made to generate fourphase sequences using logistic map, improved logistic map, quadratic map and Cubic map and their properties like PSR and ISR for different lengths are studied [19] [20] .
The Logistic map
The logistic map is a second order polynomial mapping, often considered as a prototype model for how complex, chaotic behaviour can arise from very simple non-linear dynamical equations.
The equation for logistic map is written as
Where, the constant µ is called the bifurcation parameter with µ є (0, 4). The logistic equation is the basic example to illustrate the behaviour that is stable, periodic, and chaotic which depends on the value of µ in the equation. The series tends to a single value when µ is selected as 0 < µ < 1, independent of the initial value. With µ value between 1 and 3, the series will approach the value (µ -1)/µ, independent of the initial value. The rate of convergence islinear, except for µ=3. With µ value between 3 and 3.45 it can be observed that the system oscillates between 2 states for almost all initial conditions. With µ value between 3.5 and 3.54 the system oscillates between 4 states. When the system jumps between these states and it does not pass through any intermediary values. As the value of µ increases beyond 3.54 the number of states also increases to 8, 16 etc. This behavior is an example of a period-doubling cascade. The system undergoes increasingly frequent period doubling until it enters the chaotic regime at about 3.57. The system is in chaotic state when the value of µ is between 3.57 and 4. Beyond µ=4, the value of x eventually leave the interval (0, 1) and diverge for almost all initial values. 
Fig1: Bifurcation diagram for the logistic map
The sequences generated using logistic map is inherently deterministic and a tiny disturbance in the initial condition x o gives rise to a tremendous difference in the outcome. This sensitive dependence can be illustrated by giving two very close initial points to the iterative map. After a few iterations, the two resulting sequences will look completely uncorrelated. Figure2 shows two such sequences for µ=4 with x o =0.1 and 0.10001 respectively. This small difference in the initial value leads to two completely different waveforms after a few iterations. 
2.2The Improved Logistic Map
The improved logistic map is governed by the equation
The chaotic sequence generated by improved logistic map is neither periodic nor converging and it is sensitively dependent on initial value. This equation shows chaotic behaviour for a initial value of x 0 varying from -1 to 1. When the initial value x 0 is beyond this limit, x n tends to infinity as n tends to infinity. 
The Cubic Map
This map is described by the following equation
This equation also shows chaotic behaviour for an initial value of x 0 varying from -1 to 1 like the improved logistic map. When x 0 >1 as n tends to infinity, x n also tends to infinity.
The Quadratic Map
The quadratic map is defined by the equation
Like improved logistic map this equation shows chaotic behaviour for an initial value of x 0 varying from -1 to 1. When x 0 >1 as n tends to infinity, x n also tends to infinity.
GENERATION OF FOURPHASE SEQUENCES
Even though there exists many methods for the generation of binary or fourphasesequences, they are either exhaustive search methods or they are techniques used to find only a finite number of sequences at a particular length. So, there is the chance of good sequences being neglected. Here, the method proposed for generation using chaotic maps has the advantage of generating virtually infinite number of sequences at any length. Thus this method has the advantage of finding almost all good sequences at a particular length. A Fourphase sequence usesfour alphabets for representation of data. A fourphase code is one whose subpulses are phased in one of four states: 0, 90, 180, 270 degrees; or equivalently +1, +j, -1, or -j. The algorithm or method used for generating the fourphase sequence of length N using a chaotic map is given below
Step 1. Ensure that initially the chaotic map is in the chaotic region. For example, in logistic map the bifurcation parameter μ is selected to be 4 so that the map is in chaotic region.
Step 2. Select an initial value for x n .
Step3. Using the chaotic map equations generate a raw sequence x n of length N.
Step.4. The sequence is then quantized into four defined levels based on the threshold levels a, b and cas given in equation (5) to obtain the fourphase sequence y n . The threshold levels were chosen randomly between minimum and maximum values of x.For example, the x value varies between 0 and 1 for the logistic map. Therefore the threshold levels are chosen considering approximately the mean of the raw sequence obtained which is 0.5 in the case of logistic map. The level "a" is chosen half of the mean of the raw sequence and level "c" is chosen above the ¾ of the maximum value of the raw sequence, whereas the level "b" is chosen as the mean value itself.
The various maps are extremely sensitive to the initial condition. By varying the initial condition x o , a totally uncorrelated fourphasesequence can be obtained. Therefore, the number of available sequences at a given length is virtually infinite.
Using the chaotic maps good fourphasesequences were generated for varied lengths using the above mentioned procedure. For logistic map the threshold levels a, b and c is selected as 0.25, 0.5 and 0.75 respectively. The values of a, b and c are chosen as -0.6, 0 and 0.6 for improved logistic map, -0.5, 0 and 0.4 for cubic map and -0.25, 0, 0.25 for quadratic map respectively. These levels are chosen after exhaustive searches of good sequences were done with different threshold levels. Thus the generation of sequences is simple, fast and reproducible. Using the above mentioned procedure fourphase sequences were generated for lengths from 10 to 5000 using the four chaotic maps. At every length the good sequences having a low value of PSR and ISR as defined by equation (7) and equation (8) are obtained. Several optimization techniques can be used to optimize the threshold levels, so that good sequences with good correlation properties can be obtained.
PROPERTIES OF FOURPHASE SEQUENCES 4.1 Correlaton function
The aperiodic autocorrelation r(k) of a sequence of length Nwhich is nothing but the output of the matched filter.Therefore the matched filter compressed output is givenby
Where
Theoretically, the autocorrelation characteristic of an infinitely long chaotic coded signal is nearly a Dirac Delta function. However, all the finite length sequences cannot be utilized due to rapid deterioration of correlation performance.
Thus the best sequences are selected based on the performance factor PSR. By varying the initial conditions a search for sequences with good autocorrelation pattern was done at every length for all the maps discussed above. The autocorrelation pattern of the good sequence generated using logistic map at length 5000 is shown in Fig.3 . The figure has the shape of an impulse which is actually the desired response.
Peak Sidelobe Ratio (PSR)
One of the most commonly used performance measures is the Peak Sidelobe Ratio. The peak sidelobe is the largest sidelobe in the correlation of a sequence. The Peak Sidelobe Ratio is defined from the autocorrelation pattern r(k) as the ratio of the maximum peak sidelobe amplitude to the mainlobe peak amplitude and is expressed in decibels. It is given by
A sequence is defined as a good sequence if the PSR of the sequence is low. The reciprocal of PSR is known as the Discrimination Factor (D.F), which is expected to have a maximum value for better range detection. 
Integrated Sidelobe ratio
The Integrated Sidelobe Ratiois defined as the ratio of the total energy in the sidelobesto the energy in the main peak of the autocorrelation pattern and is expressed in decibels.
= 10
A sequence is defined as a good sequence if the ISR evaluated for that sequence is as minimum as possible.
Although the fourphase sequence generation process is quite general and easy by chaotic mapping methods, all sequences generated are not good or adequate for the pulse compression application in radar. So a complete search for good sequences has to be done by varying the initial conditions in each mapping method and from all the generated sequences, the best sequences are selected based on the PSR and ISR criterion defined by the equations (7) and (8) respectively. The Peak Sidelobe Ratio and Integrated Sidelobe Ratio obtained for good four phase sequences at different lengths for all the maps are tabulated in Table.1 and Table. 2. As observed from the Tables 1 and 2 , the PSR decreases with the length of the sequence for logistic, improved logistic and quadratic maps. But, the PSR obtained with cubic map was found to decrease at lower lengths and increase at larger lengths. The variation of PSR as a function of sequence length for all the four chaotic maps can be clearly observed in the plot shown in Figure 4 . From this plot it is clear that the three chaotic maps namely, the logistic map, the improved logistic map and the quadratic map work equally well at all lengths in the generation of good four phase sequences than the cubic map.
Fig4: PSR of fourphase sequences generated using Chaotic maps Table 1 The plot of variation of ISR for the good sequences at lengths up to 2000 is shown in Figure 5 . The ISR of the good sequences is not found to be satisfactory especially at higher lengths. From the plot it is understood that the ISR of the sequences generated using logistic map, improved logistic map and quadratic map is better than that of cubic map. Now, the performance of four phase sequences is compared with that of binary and ternary sequences generated using the logistic mapping method [17, 21] . The comparison plot of PSR of the binary, ternary and fourphase sequences are shown in Figure 6 . The PSR of the four phase sequence decreases as the length of the sequence increases. It is found that at lower lengths up to 50, the PSR of ternary sequences is better than the binary and four phase sequences. But beyond length 50, the four phase sequences perform well compared to the binary and ternary sequences. As the chaotic sequence generation at higher lengths is easier, the four phase codes performance is superior compared to other codes at higher lengths. 
u(t) represents the envelop of the fourphase coded waveform. The time delay is indicated by τ and v is the radial velocity depends on Doppler frequency. The ambiguity diagram of a 100 length fourphase sequence generated using logistic chaotic map is shown in figure 7 . The ambiguity diagram approaches a thumbtack shape. The resolution of the waveform depends on the width of the spike centered at |x(0,0)|. As the width of the spike is very less, two closely spaced targets can be resolved easily both in range and velocity. 
